This review presents findings made in studies of large mammalian bones, especially from racehorse training experiments (2-8 years old, third metacarpal, tarsal) and human autopsy orthopaedic femoral implant retrievals and other human biopsy and autopsy cases. Samples were cleaned to analyse mineralized matrix in three dimensions, or poly methyl-methacrylate embedded and micromilled to delete topography and study the superficial c . 0.5-µ m two-dimensional section using quantitative backscattered electron imaging. With experimental implant studies in rabbits, observations were also made in vivo using confocal microscopy. Cracks in both calcified cartilage and bone may be removed by infilling with calcified matrix. This may be a general repair mechanism for calcified connective tissue crack repair. The fraction of the organ volume occupied by any form of bone tissue in equine distal third metacarpal extremities was increased in the more exercised groups by bone deposited within former marrow adipocytic space. Where deposited upon prior lamellar bone surfaces, this occurred without the intervention of prior resorption and without the formation of a hypermineralized cement line. Exercise inhibited osteoclastic resorption at external anatomical growth modelling sites where it normally occurs. Addition is not coupled to time-wasting resorption: both internally and externally, it occurs both by layering on existing cancellous surfaces and by creation of new immature scaffold, with de novo incorporation of a rich, capillary blood vessel supply. The real response within bone organs subjected to mechanical overload exercise within normal physiological limits is to make more, and to lose less, bone.
Introduction
Microdamage accumulation is widely accepted as a general phenomenon in bone and many authors assume that it, or associated osteocytic death, in some way signals a need for replacement of volumes of possibly effete bone tissue within bone organs (Burr & Stafford, 1990; Schaffler et al. 1994; Burr & Hooser, 1995; Mori et al. 1997; Noble et al. 1997 Noble et al. , 2003 Tomkinson et al. 1997; Bentolila et al. 1998; Burr et al. 1998; Fazzalari et al. 1998a,b; Frost, 1998; Lee et al. 1998; Norrdin et al. 1998; Huja et al. 1999; Reilly & Currey, 1999; Noble & Reeve, 2000; O'Brien et al. 2000; Vashishth et al. 2000a,b; Frisch et al. 2001; You et al. 2001; Zioupos, 2001; Tami et al. 2002; Verborgt et al. 2002; Yeni et al. 2002) .
Evidence adduced for the existence of microdamage in vivo is sometimes questionable. There is little evidence to support an association of events -other than that older, and therefore the more likely to be cracked, bone may be eventually replaced during turnover.
Bone repair and replacement is widely assumed to be site-coupled to prior osteoclastic resorption. However, the generally used means and material for examining this relationship, particularly in older human material, are inefficient and inadequate.
I review evidence here that some cracks in bone (and bone substitute materials) may anneal and heal in situ without the removal of the damaged domain; that osteocytes withstand serious offence through iatrogenic microcracking; that osteocytes that do die, do calcify;
and that much new bone that forms in response to serious exercise-induced loading forms remote from 
Materials and methods
The materials used in this study are listed in Table 1 .
Bone samples were preserved in 70% ethanol, or in neutral formol saline or 2% glutaraldehyde in 0.15 M sodium cacodylate buffer for 2 days before transfer to 70% ethanol. Some were initially conserved by deep freezing after wrapping the tissue in cling film (thin plastic film used for food preservation etc.) to prevent freeze dryer in the deep freeze unit ( ≤ − 20 ° C).
For three-dimensional (3D) scanning electron microscpy (SEM) studies of bone matrix, regions of interest are best exposed by sawing with ethanol-cooled diamond saws, and by fine grinding and polishing using silicon-carbide-coated abrasive paper under ethanol.
Typically, all external and internal soft tissue elements will be removed by digestion using an alkaline bacterial pronase enzyme-based detergent (Tergazyme, Alconox
Inc, New York, NY, USA) and /or 10% H 2 O 2 (one-third strength fresh concentrated stock solution), or, if in a hurry, Na 2 O 2 solutions at 50 ° C. Samples are washed, dehydrated in ethanol or acetone and air dried before carbon coating from all sides and all directions for SEM.
3D optical microscopy via oblique illumination
We have used a new rotating condenser mask method for direct view, real-time 3D viewing in a conventional light microscope (LM) to visualize cracks in wet tissue in real space and real time, with or without basic fuchsin staining, to study compact bone of the equine MC3
shaft after shock wave propagation experiments (Bathe et al. 2001; Boyde, 2002a) .
Real time conventional transmitted and confocal reflected light microscopy
We have used both high-resolution stereo transmitted light microscopy and high scan speed (video rate or higher) confocal reflection microscopy with video tape recording to study crack initiation and propagation in wet equine distal MC3 samples prepared to leave single trabeculae as test elements. Microcracks show up as high-contrast features in reflection mode confocal scanning laser microscpy (CSLM). High-resolution real-time 3D confocal microscopy is achieved with white light illumination and special objective lenses designed to give a defined range of linear longitudinal chromatic dispersion (Maly & Boyde, 1994) .
2D quantitative backscattered electron SEM
For block surface techniques, samples were embedded in poly methyl-methacrylate (PMMA) after ethanol dehydration. In quantitative imaging using backscattered electrons (qBSE), the aim is to avoid the influence of topography upon the generation of image contrast. (Boyde & Jones, 1996) .
3D SEM
SEM of macerated plane parallel slices remains the most productive 3D method meeting requirements in resolution and width and depth of field for cancellous bone (Boyde, 2003) . As already noted, the samples have been treated to remove unmineralized bone and is corrected for each image of the through-focus sequence. Excellent 3D imagery is achieved through recording and replaying a set of images taken with a small tilt angle difference (Boyde, 2003; website www.anat.ucl.ac .uk/research/boyde).
We have used both stereo-pair secondary electron (SE) SEM images and multiple viewpoint BSE projections of human lumbar vertebral trabecular bone samples tested to the inception of failure in a three line bending rig (Jayasinghe & Boyde, 1993) .
Findings Cracks and microdamage
Three-dimensional optical microscopy via oblique illumination improves the means for seeing cracks in a correct 3D context, and may be more useful in future studies than real-time conventional transmitted and confocal reflected light microscopy in monitoring crack generation in in vitro experimentation -where we can
show fatigue microcrack generation after prolonged, repetitive flexing that indubitably exceeded physiological strain levels ( Fig. 1a- 
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U N C O R R E C T E D P R O O F
Repair of artificial materials, autograft and allograft
In studies of repair mechanisms in large segmental defects in the sheep tibia repaired with porous hydroxyapatite ceramic (HAC) material, it was evident that the HAC was really subject to microdamage cracking during normal functional usage. These cracks were again repaired by the intercalation of new bone, but
here it was mostly similar to normal bone tissue in its degree of mineralization and we presume that it has a collagen-rich matrix (see figures 3e,f and 4a in Boyde et al. 1999a ). The ability of bone cells to work to produce bone seams in such confined spaces is nothing 
The real response of bone to exercise, A. Boyde signalling (Noble et al. 2003) . However, dead bone also works well as a graft material (Wong, 2000) .
Vital microscopy in the rabbit tibia
In vivo , we could see that separations that developed between an optical glass window and the titanium window frame in rabbit tibial shaft bone also showed intercalated thin films of mineralized repair material.
Here, the implanted material, particularly the optically smooth glass, could separate more than once from the bony attachment studs that contacted it, and several layers of the infilling phase could accumulate in an incremental fashion (see figures 4b,e,f and 5c in Boyde et al. 1995b ).
Osteocyte death and mineralization: one fate of the apoptotic cell
What can be definitively said regarding the fate of dead osteocytes? The most solid evidence that a cell is dead is that its lacuna is mineralized (Figs 10-12).
Calcification of apoptotic debris (or the cell mummy)
would be a rapid and effective way of removing dangerous fragmented DNA. So why do more?
Osteocytes die and calcify in young normal bone (see figures 9 and 14 in Jones et al. 1999) as well as in ageing bone: in the mandible, relatively large tracts of bone contain mineralized osteocytic lacunae and canaliculi (see Figure 4a -c in Kingsmill & Boyde, 1998 ):
the same is true for auditory ossicles (Maconnachie et al. 1985) , and we have a large number of other examples from post-cranial sites. Again, next to nothing is known about osteocytic mineralization mechanisms, but the phenomenon has obvious potential parallels with fine crack healing in bone and ACC.
Some cracks that are not artefacts are black in BSE SEM
Repair of microcrack damage in over-exercised ('trained') equine bone trabeculae can occur by rapid deposition of local lamellar bone repair tissue 'bandaging' the We have imaged a large number of examples of 'bandaged microfractures' in human trabeculae (Fig. 14a,b ), but mostly in 3D in macerated samples where we cannot always prove that there was no resorption prior to formation. However, counter to the widely broadcast simplistic view, absence of site-specific coupling is in fact so much the norm in aged human bone that it would be surprising if such events were resorption coupled (Boyde, 2002b (Boyde, , 2003 . Boyde & Jones, 1996) . Note two breaks either side of the microcallus repair zone (arrows).
Densification in response to
(b) Linear longitudinal chromatic dispersion true-colour, direct-view, real-time, confocal reflection depth map image (see Maly & Boyde, 1994) . 
Discussion

On the difficulty of establishing any association between microcracks and resorption in compact bone
It is obvious that microcracks in bone will be removed with the bone microvolume that contains them -if and when it is resorbed -and the calcified tissue that contained the crack will be replaced by newly made tissue, which is initially perfect. 
The basic fuchsin crack staining (and generating?) protocol
It would be desirable for work in this field that the sample not be subjected to any procedure that might initiate cracking. Cracks are very likely to develop during the standard basic fuchsin staining regimes used to monitor defects in mineralized bone matrix because the dye is dissolved in ethanol (Burr & Stafford, 1990; Burr & Hooser, 1995; Mori et al. 1997; Boyce et al. 1998; Burr et al. 1998; Lee et al. 1998; O'Brien et al. 2000; Frisch et al. 2001) . Several authors using this method have noted improved discrimination when the stain is studied by conventional epifluorescence or confocal epifluorescence microscopy (Boyce et al. 1998; Burr et al. 1998; Fazzalari et al. 1998a; Lee et al. 1998; Huja et al. 1999; Reilly & Currey, 1999; O'Brien et al. 2000; Frisch et al. 2001; Zioupos, 2001 ).
There is an advantage to be expected from confocal microscopy in studying microcracks if the thin section preparation is avoided by looking at whole blocks. Measuring the deformation of unembedded blocks during preparation for LM, SEM or transmission electron microscopy (TEM) study has shown that no measurable dimensional change is to be expected when soft tissue samples are immersed in 70% (v/v) ethanol (Boyde & Maconnachie, 1979) . Below this concentration, certain tissues may swell markedly -depending upon tissue and fixation type -but such swelling is minimal and transient if the first immersion is in 70%.
The real response of bone to exercise, A. Boyde unintentionally, e.g. Schaffler et al. (1994) , who 'stained' with lead-uranyl acetate, a demineralizing agent.
The converse: could swelling in unsalted water damage bone? Bones do not normally contact fresh water in life, but some bone-like tissues do. Mammalian teeth that have lost any protective covering of enamel have exposed oral surfaces of cementum or dentine that regularly contact water. Large surface areas of both cementum and dentine are exposed in artiodactyls, perissodactyls, elephants and odontocetes -and of course in those members of the human species 'getting long in the tooth'. Cementum is tooth bone. In the packing and binding variety that joins tooth plates together in herbivorous mammals, the net collagen orientation is rather randomized and one would predict that it would always present a fair proportion of fibres running in such a direction as to come under tensile load and to resist any resultant swelling pressure (Jones & Boyde, 1974) . In this respect, it is very like 'average' bone. However, in the attachment cementum, which is the type exposed at the necks of human teeth, a very different circumstance prevails. The bulk of the collagen is perpendicular to the tooth surface (Jones & Boyde, 1972) . When this tissue type dries, it may crack because there is no surface-parallel collagen to resist cracking. The underlying dentine, by contrast, has a randomized collagen orientation, mostly as a feltwork with the fibres parallel with the (formative, predentine) tooth surface, and is more resistant to cracking (Jones & Boyde, 1984) .
3D optical microscopy in searching for microcracks in vivo and in vitro
We have conducted two (unpublished) studies in which we have attempted to visualize microcracking using improved optical detection means. In the first, we prepared single trabeculae attached to large 'handles of bone, exploiting the special parallel plate trabecular zone of the equine cannon bone' ).
This permitted us to bend the selected element back and forth whilst under inspection in a real-time direct view high-resolution 3D optical microscope. Threedimensional still images could be recorded of the scene before and during genuine microcrack evolution in bone wet with physiological saline.
In another study, we followed the basic fuchsin staining protocol, but we prepared rather thick slices for study to minimize the risk of damage after staining.
We used another means of generating the 3D image, one that uses motion parallax to display 3D information and is therefore portable to dynamic presentation using PowerPoint projection. We can see microcracks when they are there with this method, but we have been unable to find any in equine cannon midshaft.
Others have shown genuine microcracks generated in in vitro situations: most of these experiments reflect supra-physiological loading regimes that would never be encountered in the normal life of a normal bone.
Not all is well in SEM
The cracking problem is common to all preparation (Boyde & Jones, 1996) .
Thus, some of the authentic cracks seen in SEM may not be so genuine after all, but there is no smoke without fire. A frequent finding in BSE SEM is of microcracking within any exceptionally dense phase surrounded by normal, less dense bone, and cracking between one and the other. An important case concerns microcracking within calcified fibrocartilage residues in the external surface of the femoral neck cortex (Fig. 9 ), which may be very important in nucleating and propagating the initial crack, and leads on to the subcapital femoral neck fracture in the elderly osteoporotic individual. We have shown that the common distal condylar fractures of the equine third metacarpal (cannon) bones begin by the process of cracking in ACC, which is usually focused in the depths of the condylar grooves (Riggs et al. 1999a,b) . When such a crack propagates inwards into the SCB, it will commonly be expanded by osteoclastic resorption prior to new bone deposition in the repair process. This leaves the bone weakened, and susceptible to catastrophic crack propagation into the parallel plate trabecular zone Riggs et al. 1999a,b) .
Natural history from surgical retrieval shows examples in which non-vital tissue fragments or fragments of implanted artificial (bio)materials are united by bone deposited into seams that are so thin that it is difficult to conceive that osteoblasts working therein would have 'been comfortable' -at least there would have been no space for other cells and capillaries. In experiments involving the implantation of polished optical glass windows in titanium frames into the medial tibial plateau of adult rabbits, it was found that the stress-protected cortex remodelled to become spongy bone with only a few foot processes contacting the glass or Ti (Boyde et al. 1995b) . These 'feet' occasionally detached from the stiffer implant, but were rejoined to the glass or Ti by an extremely thin layer of calcified tissue. This process could be seen to have repeated several times, leading to incremental layers of new 'bone' grown towards the implant.
In experiments with HAC, large cylinders replaced segmental defects in ovine mid-shaft tibia up to 35 mm long. After initial healing, functional load applied to the HAC caused microcracking, and cracked fragments were re-united with bone (Boyde et al. 1999a ). Similarly, the finest nooks and crannies within packed, dead, heat-treated, cancellous bone used to 'compact' open cancellous bone and to generate bone within the domain of the maxillary sinus prior to placement of dental implants are filled with new bone (Wong, 2000) .
So what really happens to cracks in bone?
Cracks are removed when the calcified tissue in which they reside is resorbed. Some cracks are removed from the system by becoming filled with calcified matrix.
Considering that relatively older bone is more likely to have been removed during a turnover cycle, the extent to which this simpler mechanism of microdamage repair occurs may be underestimated. The chemistry of the repair matrix remains a matter of speculation, but this seems to be a general repair mechanism for calcified connective tissue crack repair. In response to overload exercise in cancellous bone, damage is prevented rather than cured through infilling the prior marrow space compartment, both appositionally and de novo, without resorption. In cortical bone, the thickness of the shaft is increased in a similar pre-emptive step. In ACC, crack and calcified crack removal is delayed by deferring resorption.
Acknowledgements
I thank SRC, MRC, SERC, EPSRC, the Wellcome Trust and the Horserace Betting Levy Board for substantial financial support, and the many collaborators listed in Table 1 
